Introduction
In modern society, monitoring the atmosphere needs more sophisticated gas sensors. Recently, the detection of volatile organic compounds (VOCs) in residential and non-industrial working environments has attracted much attention, but it is also challenging due to the low concentrations and diversity of compounds encountered. We have paid attention to organic-inorganic nano hybrids, which can potentially combine the properties of the organic and inorganic components. Here, we have prepared polystyrene and surfactant co-intercalated MoO 3 thin films on LaAlO 3 (100) single crystal substrates and measured their VOC gas sensing properties.
Experimental
Polystyrene and surfactant, didodecyldimethyammonium, co-intercalated (PS) x (C 26 H 56 N) y MoO 3 thin films were synthesized by immersing the Na x MoO 3 thin films into the CHCl 3 solution of polystyrene and the surfactant. The VOC gas sensing properties of the nano hybrid thin films were measured in a flow apparatus for each analyte gas balanced with nitrogen.
Results and Discussion
From the results of XRD, the layers of MoO 3
x-are probably first expanded by the surfactant. The Positively charged ammonium headgroups could be nestled adjacent to the negatively charged molybdenum oxide with a long hydrophobic hydrocarbon tail overlapping between the charged layers. Polystyrene molecules can intercalate into the host gallery to expand the hydrophobic region due to the hydrophobic affinity between the polystyrene and the alkyl chains of the surfactant. The (PS) x (C 26 H 56 N) y MoO 3 nano hybrids have a large hydrophobic region composed of polystyrene and alkyl chains between the MoO 3 x-layers.
The polypyrrole and polyaniline intercalated MoO 3 nano hybrids, (PPy) x MoO 3 and (PANI) x MoO 3 , exhibit a response to formaldehyde and acetaldehyde gases by increasing their electrical resistance. However, the (PS) x (C 26 H 56 N) y MoO 3 thin films exhibit a reverse response. Figure 1 shows the response of the (PS) x (C 26 H 56 N) y MoO 3 thin film to acetaldehyde gas with a concentration of 6 ppm balanced with nitrogen at 45 °C. The average sensitivity (R a /R g , where R g and R a are the electrical resistance in a test gas and air, respectively) is ~1.3, which is much higher than that of the (PPy) x MoO 3 and (PANI) x MoO 3 . The (PS) x (C 26 H 56 N) y MoO 3 thin films exhibit a similar resistance decreasing response to formaldehyde, whereas they show no or little response to the other VOC gases such as acetone, ethanol, methanol, chloroform, toluene, and xylene under the similar conditions. The (PS) x (C 26 H 56 N) y MoO 3 nano hybrids have, therefore, the potential for the selective detection of the aldehyde gases among the VOCs.
In the case of (PPy) x MoO 3 and (PANI) x MoO 3 nano hybrids, the aldehyde gas molecules could dominantly interact with the organic species, which could reduce the interlayer charge transfer from the organic to the MoO 3 layers. The effective carrier density is, therefore, reduced and the resistance increasing response can be observed. On the other hand, when the (PS) x (C 26 H 56 N) y MoO 3 nano hybrids with a large interlayer spacing are exposed to analyte vapors such as formaldehyde and acetaldehyde, the gas molecules could dominantly interact with the specific surfaces of the charged MoO 3 layers. In this situation, extra charge could supply to MoO 3 and resistance decreasing response should be observed due to the increasing of carrier density. 100) single crystal substrate. The hybrid thin films show a distinct response to acetaldehyde vapor by decreasing the electrical resistance. We discuss the possible sensing mechanism for acetaldehyde gas.
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Introduction
In modern society, monitoring the atmosphere needs more sophisticated gas sensors. Recently, the detection of volatile organic compounds (VOCs) in residential and non-industrial working environments has attracted much attention, but it is also challenging due to the low concentrations and diversity of compounds encountered (1) . Polymer based (2) - (4) and metal oxides (5) (6) VOC sensors have been received extensive investigations. For the former, the interactions between VOC analytes and polymer such as polarizability, dipolarity, hydrogen bonding and acidity-basicity are usually considered to detect VOCs. For the latter, the detection in mild conditions is excluded. Others such as nanoparticles layer (7)(8) , carbon nanotube (9) have also been studied to improve VOC gas sensing properties. However, in all cases, the selectivity, sensitivity, and operability of the VOC sensors need to be improved more.
We have paid attention to organic-inorganic nano hybrids, which can potentially combine the properties of the organic and inorganic components. We have reported that the organic/MoO 3 intercalative type nano hybrids exhibit a distinct response to VOCs by increasing their electrical resistance (10) . In view of sensor application, it is necessary to fabricate thin film devices. In our past work, chemical vapour deposition (CVD) was applied to obtain MoO 3 thin film with the b-axis orientation, which is the inorganic host for the organic/MoO 3 thin films (11) (12) . We have investigated the VOC gas sensing properties for (polypyrrole) x MoO 3 ((PPy) x MoO 3 ) (11) and (PANI) x MoO 3 (12) hybrid thin films. These films show a distinct response when they are exposed to formaldehyde or acetaldehyde gas balanced with nitrogen or dry air. In this study, we have tried to prepare the hydrophobic neutral polymer, polystyrene (PS), intercalated MoO 3 thin films. A family of positively charged polymers intercalated into MoO 3 by ion-exchange reactions has been reported previously, such as polymeric ionomer (13) (14) , PEO (15) (16) , and polyaniline (17) - (19) . Wang et al. (20) have prepared several polymer-Li x MoO 3 nanocomposites by the encapsulated precipitation. Nazar and co-workers (21) have reported the preparation of poly(p-phenylene) intercalated MoO 3 powders using a surfactant as a medium. Yao et al. (22) 
Experimental
MoO 3 and Na x MoO 3 thin films were prepared as reported in the past work (11) . Polystyrene and surfactant, didodecyldimethylammonium, co-intercalated (PS) x (C 26 H 56 N) y MoO 3 thin films were synthesized by immersing the Na x MoO 3 thin films into the CHCl 3 Powder X-ray diffraction (XRD) data at room temperature were collected on a Rigaku RINT2100V/PC instrument, with a graphite monochromator to produce a Cu K α beam, at 40 kV and 30 mA. A continuous scan mode with a speed of 2 deg/min in 2θ and an increment of 0.02° were chosen. Infrared (IR) spectra were recorded on a Jasco-610 FT-IR spectrometer by the standard KBr disk method in the range of 400∼4000cm -1 with a resolution of 2 cm -1 . Scanning electron microscopic (SEM) observation was performed using a JEOL JSM-6335FM microscope. The films were mounted on a copper holder with silver paste. The Au comb-type electrodes (20 µm gap and 20 µm line width), which is necessary for measuring electrical resistance, were formed on the LaAlO 3 substrate by a lift-off process before the preparation of hybrid thin film. The VOC gas sensing properties of the nano hybrid thin films were measured in a flow apparatus for each analyte gas balanced with nitrogen.
Results and Discussion
Unlike many charged polymers, polystyrene could not be intercalated into the charged gallery of layered host by the ion-exchange reaction due to its hydrophobic and neutral nature. Here we used the organic solution immersion method to get a co-intercalation by immersing Na x MoO 3 thin film in chloroform solution of alkylammonium surfactant and polystyrene for several days at room temperature. The XRD data indicate the formation of the (PS) x (C 26 H 56 N) y MoO 3 thin film during the process. The interlayer distance of MoO 3 increased from 6.9 Å (Figure 1a ) to 9.4 Å after MoO 3 was partly reduced to Na x MoO 3 ( Figure 1b) . When Na x MoO 3 thin films are immersed in the chloroform solution of polystyrene and surfactant for several days, the interlayer spacing increases remarkably from 9.4 Å to ~30.5 Å (sometimes varying from 29.5 Å to 36.5 Å from sample to sample), which indicates that polystyrene and surfactant co-intercalated (PS) x (C 26 H 56 N) y MoO 3 thin films are formed, as shown in Figure 1c . The unfixed interlayer spacing would be due to the difference in the amount of the intercalated surfactant and polystyrene.
When the co-intercalated thin films were heated at 220 °C for 48 h in air, the interlayer spacing was decreased to 11.1 Å (Figure  1d ), which is consistent with the removal of the surfactant. The increase of the interlayer spacing compared with that of pristine MoO 3 , 4.2 Å, corresponds to the dimensions of the phenyl ring ("width" and "thickness" are 5.3 and 3.3 Å) (21) , which suggests that the monolayer of polystyrene is still intercalated into the MoO 3 layers even after the heat treatment. This result implies that both the polystyrene and surfactant are intercalated into MoO 3 . Figure 1e shows the XRD pattern of the surfactant only intercalated MoO 3 , (C 26 H 56 N) y MoO 3 , thin film. The interlayer distance varies from 24.6 Å to 28.3 Å, but it is always smaller than that of polystyrene co-intercalated samples. When the (C 26 H 56 N) y MoO 3 thin films were heated in the same conditions, no XRD peak was observed in the range of angle 2θ = 2 ~15º.
During the co-intercalation reaction, the layers of MoO 3 x-are probably first expanded by the surfactant. The Positively charged ammonium headgroups could be nestled adjacent to the negatively charged molybdenum oxide with a long hydrophobic hydrocarbon tail overlapping between the charged layers. Polystyrene molecules can intercalate into the host gallery to expand the hydrophobic region due to the hydrophobic affinity between the polystyrene and the alkyl chains of the surfactant. The two step intercalation, the immersion into surfactant solution followed by the immersion into PS solution, gives the co-intercalated hybrid with the almost same interlayer distance. The characteristic point of the co-intercalated nano hybrids is the large interlayer distance. Figure 2 . The plate-like grains are dominantly lying flatly. The thickness of the thin films is 400-600 nm.
After the heat treatment of the co-intercalated hybrid films at 220 °C for 48 h in air, the surfactant is removed while the polystyrene remains because it has a higher thermal stability. As the IR spectra can not be obtained directly from the thin films, we use powder sample prepared by the similar process as the thin films. The IR spectra show the co-existence of polystyrene, surfactant, and MoO 3
x-for the (PS) (bending of phenyl ring) (23) are still observed, while the surfactant derived peaks at 1468 cm -1 , 891 cm -1 and 721 cm -1 are almost disappeared. The polypyrrole and polyaniline intercalated MoO 3 nano hybrids, (PPy) x MoO 3 and (PANI) x MoO 3 , exhibit a response to formaldehyde and acetaldehyde gases by increasing their electrical resistance (11) (12) . However, the (PS) x (C 26 H 56 N) y MoO 3 thin films exhibit a reverse response. Figure 4 shows the response of the (PS) x (C 26 H 56 N) y MoO 3 thin film to acetaldehyde gas with a concentration of 6 ppm balanced with nitrogen at 45 °C. The gas exposure was repeated at four times, each of which a clear resistance decreasing response is obtained. The background resistance is increasing with time in this measurement, which is due to a slight drift of sensor temperature. The average sensitivity (R a /R g , where R g and R a are the electrical resistance in a test gas and air, respectively) is ~1.3, which is much higher than that of the (PPy) x MoO 3 and (PANI) x MoO 3 . The (PS) x (C 26 H 56 N) y MoO 3 thin films exhibit a similar resistance decreasing response to formaldehyde, whereas they show no or little response to the other VOC gases such as acetone, ethanol, methanol, chloroform, toluene, and xylene under the similar conditions ( Figure 5 ). The (PS) x (C 26 H 56 N) y MoO 3 nano hybrids have, therefore, the potential for the selective detection of the aldehyde gases among the VOCs.
The organic species play an important rule in determining the resistance increasing or decreasing response to aldehyde gases. The organic/MoO 3 hybrids consist of alternately stacking of negatively charged MoO 3 and positively charged organic layers. Formally, some amounts of electrons are transferred from the organic to the MoO 3 layers. We have confirmed that the MoO 3 layers play a dominant role in determining transport properties in the organic/MoO 3 hybrids (10) . The response to VOCs is induced by the incorporation of analyte molecules into the interlayers of organic/MoO 3 (10) . In the case of (PPy) x MoO 3 and (PANI) x MoO 3 nano hybrids, the aldehyde gas molecules could dominantly interact with the organic species, which could reduce the interlayer charge transfer from the organic to the MoO 3 layers. The effective carrier density is, therefore, reduced and the resistance increasing response can be observed.
On the other hand, when the (PS) x (C 26 H 56 N) y MoO 3 nano hybrids with a large interlayer spacing are exposed to analyte vapors such as formaldehyde and acetaldehyde, the gas molecules could dominantly interact with the specific surfaces of the charged MoO 3 layers compared with the hydrophobic layers. In the large space in the gallery of MoO 3 host, an unshared electron pair of an oxygen atom of the molecule of aldehyde (-CHO:) is pulled into a vacant d-orbital of the surface Mo 6+ cation (24) . In this situation, extra charge could supply to MoO 3 and resistance decreasing response should be observed due to the increasing of carrier density. film to acetaldehyde (6 ppm) using N 2 as carrier gas at 45 °C (the arrow of in: analyte gas acetaldehyde balanced with nitrogen began flowing to expose to films, out: the flow of analyte gas was stopped while nitrogen gas began flowing to remove the absorbed acetaldehyde). 
Conclusions
Polystyrene and surfactant co-intercalated (PS) x (C 26 H 56 N) y MoO 3 nano hybrid thin films were prepared by dry process (CVD) combined with wet process of immersion in the organic solution. The hybrid films show a distinct response to acetaldehyde vapor by decreasing the electrical resistance. The specific adsorption of aldehyde molecules on MoO 3 layers is responsible for the selective response of the resistance decreasing.
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